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to determine Spp and Spp/4 as described in Section 5.2.5.2.
Finally, the user can define the pipe slope CDF from the pipe
slope data and derive from it, the values of Spp and Spp/4 as
described in Section 5.2.5.2. Finally, the user can define the
pipe slope CDF from the pipe slope data and derive from it, the
values of Spp and Spp/4 corresponding to the percentages PLp
and 1/4PLp, respectively. At this point all the elements are
prepared to estimate TS from equation (8) which provides the most
reliable estimate of TS.

The resulting estimate of TS is the total daily solids depo-
sition in the collection system of interest. If the user wishes
to modify this estimate for pipes with existing sediment beds the
multiplicative equations in Section 4.5.4 should be used. If
estimates of other pollutants are desired, the deposited solids
results, TS, should then be used as predictors to compute other
pollutant estimates using the equations given in Section 4.5.5.

5.3.2 Application of Procedures

In this section an example problem illustrating the methodol~-
ogies developed in this report is presented. The test case is
one of the collection systems in the Dorchester sewerage system.
Estimates of total daily solids deposition in this collection
system will be given for different assumptions of data availa-
bility using the simplified procedures. These estimates will also
be compared with the results computed for this system using the
much more detaiied procedure described in Appendix B.

The test case used is basin number 70 of the Dorchester
combined sewer system. There are 190 manhole segments in this
collection system. The topography of this combined sewer collec-
tion system is fairly hilly. The ‘land use in the area is exclus-
ively high density multi-family dwellings with a population den-
sity of 30 people/acre. The areal extent and total collection
system pipe footgate is about one standard deviation above the
mean of all the systems used in the regression analysis. The
values of all the independent variables for basin 70 are given
in Tables 5 and 8.

5.3.2.1 Data Requirements

The total pipe length, L, for the basin is 35,033 feet and
the total service area, A, is 233 acres. The total pipe length
can also be computed using equation (12) for high population

density yielding 37,740 feet, representing an overestimation error
of 7.7 percent.

There are three possible ways to compute the values of the pipe
slope variables required as input for the various regression equa-
tions. The first method involves computing these parameters from
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the distribution derived from actual pipe slope data. The second
procedure requires knowledge of only the mean collection system
g;p:nséiggéeiéiz?ddiziﬁm;ng‘that the pipe slopes can be represented

1pbution. The third alternative approach
assumes that.only'grognd slope information is available and that
the exponential distribution is applicable to represent collection
system pipe slopes. \

The collection system pipe slope histogram representing the
distribution of 190 pipe segments in basin 70 of the Dorchester
sewerage system is given in Table 16. This table was prepared
using the invert elevations for each of the 190 segments. The pipe
slope histogram is divided into 30 intervals with the upper pipe
slope limit of each interval given. The elements under the column
labeled "frequency" are the actual pipe footages associated with
each pipe slope interval. The last two columns give the interval
probability computed using the pipe footage per interval relative
to total pipe footage and the cumulative probability. The mean
and standard deviation are also given in Table 16. The average
equivalent circular diameter, D, is 15.6 inches and was computed
using the formulas given in Table 7, page 33 and equation (16).

The average pipe slope, S, is 0.0194. The slope parameter
Spp can be estimated in the following manner. Three curves are
available in Figure 14, page 38, for relating the cumulative
distribution of solids deposited to cumulative distribution of
collection system pipe length. Curve 2 is applicable in this
case since the average pipe slope is 0.0194. The percentage of
pipe associated with 80 percent of the total daily load deposited
is 38%.* The value of the variable, Spp, can then be determined
by entering 0.38 in the last columun of Table 16 and interpolating
the corresponding value of slope in column two. The interpolated
value of Spp is 0.00629. The value of SpD/4 is obtained by enter-
ing the same table with 0.38/4 = 0.095, yielding Spp/4 = 0.00302.

In the second procedure the mean pipe slope can be used in  the
exponential cumulative distribution function given by equation (1),
page 22 ,to compute the values of Spp and Spp/4. The value of
Spp is 0.00928 results from using FS = 0.38, s = Spp and
S = 0.0194 in equation (1). The value of Spp/4 is 0.00194 results
from setting FS = 0.38/4 = .095 in equation (1).

* Tbe distribution of loads by pipe length derived for basin 70
yields exactly 38% at 80% of the total load. The error involved
in using Figure 14 is zero in this example.
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The only information required for the third procedure is the
average ground slope, SG. The average ground slope for basin 70
was determined by graphical procedures to be 0.0359. An estimate
of the mean pipe slope, S, can be obtained using the mean ground
Slope in equation (14). The estimated value of mean pipe slope,
S, using the mean ground slope, Sg, is 0.02287 differing from the
actual mean pipe slope by 17%. Values of SPD and SPD/4 can now
be estimated using the exponential relationship in equation (1),
yielding SPD = 0.00985 and Spp/4 = 0.00228.

5.3.2 .2 Estimation of Loads

The detailed manhole to manhole dry weather deposition model
described in Appendix B was used to estimate total solids deposited
for the entire collection system network in basin number 70. The
estimated load is 169.11 lbs/day using an average per capita waste
rate of 190 gpcd. This model requires detailed specification of
the hydraulic parameters for each segment in the system and the
use of a computer. Similar estimates will be computed from using
the simplified power functions generated in this study for the three
different estimates of the pipe slope variables.

The elaborate model given in equation (8) requires specifica-
tion of L, SPD, SPD/4 and the per capita flow rate, g. This
equation was solved for the three different estimates of Spp
and SpPD/4 with g = 190 gpcd. The deposited load, TS, is 155.73
lbs/day using the values of SPD and SPD/4 derived from the analysis
of detailed collection system pipe slope information. The
estimated load is 118.72 1lbs/day using values of Spp and Spp/4
computed from the mean pipe slope and the exponential cumulative
function. The estimated load is 111.11 1lbs/day using values of
Spp and Spp/4 for the third situation where the mean ground slope
is used to compute mean pipe slope for input into the exponential
function.

_ The intermediate model given by equation (10) requires that L,
A, S, and g be specified. Three variaticons are computed using
this formulation. The first estimate is_determined using the
measured pipe length, L and pipe slope, S, derived from data; the
second case uses the measured pipe length and an estimate of mean
pipe slope from ground slope estimate; and the third result is
computed using the estimated pipe slope, S, and an estimate of
pipe length derived from equation (12). These three estimates
are 186.89, 174.02 and 190.55 lbs/day, respectively.

The simplest model given by equation (1ll1l) requires specifica-
tion of L, S and g. The estimated loads are 198.82 lbs/day using
exact estimates of L and S, 195.02 lbs/day using exact estimates
of pipe length and an estimate of pipe slope ground ground slope,
and, 200.26 lbs/day using estimated values of both pipe length
and mean pipe slope.
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A comparison of all computed loadings for the different pre-
dictive models under different assumptions of data availability is
given in Table 17. The percentage error relative to the estimate
provided by the procedure in Appendix B is also provided. These
results show that the estimated values given by all three regression
equations are reasonably close to the value derived from the
detailed model described in Appendix B. The elaborate model con-
sistently gave over estimates.

It is an invalid conclusion to infer from this comparison
that the simpler approach might ke superior to the more elaborate
one. It should be noted that this comparative result is only for
one basin and that on the average, the elaborate model will pro-
vide consistently superior results because the coefficient of
determination R2, is higher for the elaborate model. The under
estimates given by the elaborate model using approximations for
the pipe slopes are explained by the fact that, for this parti-
cular basin, the exponential approximation over estimated by
about 50% the slope, SPD. Nevertheless, one of the simpler models
would be more appropriate in cases where little data is available
requiring many assumptions and approximations. Moreover, the
utilization of the simpler models for planning "first-cut" purposes
may be more cost effective from the standpoint of collecting,
analyzing and preparing the required data inputs.

In sum the simplified procedures given by equations (8), (10)
and (11) provide estimates of daily solids deposition using exact
data for basin 70 with a relative error of 8 to 18 percent in
comparison to the estimate given by the complicated procedure des-
cribed in Appendix B. It is shown in Appendix C of this report
that the complicated procedure given in Appendix B was tentatively
calibrated using actual field flush information lending credulence
to the adoption of the simplified procedures generated in this
report.
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TABLE 17. COMPARISON OF ESTIMATED DAILY SOLIDS DEPOSITED FOR
BASIN 70 USING DIFFERENT PROCEDURES

Solids Percentage Error
Deposited Relative to Appendix
Procedure (lbs/day) B Results
Deposition Model (Appen. B) 169.11
Elaborate Model (Eg. (8))
Exact Data 155.73 ~-7.9%
Exponential Data 118.72 -30.0%
SG and Exponential Approx. 111.11 ~-34.0%
Intermediate Model (Eqg. (10))
Exact Data 186.89 +10.5%
Estimated Slope S 174.02 +3.0%
Estimated L and S 190.55 +12.7%
Simplest Model (Eg. (11))
Exact Data 178.82 +17.6%
Estimated S 185.03 +9.4%
Estimated L and S 200.26 +18.4%
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5.3. 3 Determination of Deposition Extent in Collection Systems

Estimates of total pipe footage for given percentages of the
total solids deposition can be made using Figure 14. These
estimates are computed irrespective of their actual location in
the collection system. The appropriate curve in Figure 14 can be
chosen. Using the average pipe slope S as a guide, several
values of "% pipe length" can be read directly from the figure
as a function of values of "% mass deposited". Multiplication of
the total basin pipe length by those percentages yields estimates
of pipe footage corresponding to the various percentages of total
solids deposited. Those estimates can be used in preliminary
assessments of costs associated with pipe cleaning by mechanical
or flushing techniques to achieve different levels of total
deposited mass removals. '

It should be noted that the estimates of total pipe footage
corresponding to given levels of deposition do not define where
in the system those pipes lie. With one simple assumption, the
locations in the system of the deposited pipes can be tentatively
established. This assumption can be understood considering Figure
16. 1In part a of Figure 16, an estimate of the percentage of the
total pipe length PL over which a percentage of the total mass of
solids, PM, deposits is shown. The percentage of total pipe
length in the basin with pipe slope smaller than or equal to Spg,
is shown in part b of Figure 16. Combining the two parts in
Figure 16, does not necessarily mean that the pipes over which PM
deposits all have slopes flatter than or equal to Sp1,- This may be
a reasonable working assumption and, if it is made, locations of
depositing segments can be determined. This step can be accomp-
lished by noting on a sewerage system map all pipe segments with
slopes equal to or smaller than Spr. This procedure will quanti-
fy the sewer segments associated with the percentage PM of the to-
tal load. A check of the approach can be made be measuring those
pipe lengths and comparing their sum with the estimate given by
LpM = PLxXL

where: LPM = estimated length over which the percentage PM of
the total mass deposits;

PL. = the corresponding percentage of pipe length (from
Figure 14); and

L = total length of pipe in the basin.
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APPENDIX A

BRIEF REVIEW OF R&D SEWER FLUSHING PROJECT

A brief review of the R&D sewer flushing program objectives
and project scope will be presented in this appendix. Next a
summary review of the pollutant removals resulting from manual
flushing of four test segments during the first phase of the pro-
gram will then be provided.

Conceptual Views of Program

The solids control demonstration/research program has been
developed to address many of the issues relating to the feasibil-
ity, cost-effectiveness, and ease of application of upstream
solids control program as an integral part of overall combined
sewer management. Basically, there are five fundamental issues
that must be answered before widespread acceptance of upstream
solids control may be considered. The issues include: 1) what
are the best flushing methods to use for a given situation; 2)
what is the expected pollutant removal efficiency associated
with the various methods; 3) what are the costs associated with
such programs; 4) how do you screen large systems to identify
problem pipes with respect to deposition and; 5) what are the
effects of stormwater runoff on such a strategy as applied to com-
bined sewer systens.

Program Objectives

1. Test the feasibility of applying various solids control
techniques as a method of deposition control in combined
and sanitary sewer lines on test segments in the Boston
sewer system.

2. Carefully monitor deposition rates on a number of test
segments.

3. Monitor pollutant removals including solids, organics
and nutrients associated with the various solids con-
trol techniques.

4. Assess pollution oriented characteristics of both the
flushed and remaining materials versus maintenance pro-
blems of grit, sand and gravel accumulations.
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5. Recommend most favorable solids control techniques for
operational testing by both automated and manual means.

6. Develop, test and evaluate automated control systems in
a field operational testing program.

7. Develop, test and evaluate manual sewer flushing tech-
niques utilizing specially equipped water tankers in a
field operational testing program.

8. Assess the operational feasibility and performance of
flushing both long and short upstream collection segments
and/or networks. ’

9. Assess the effects of stormwater washoff on the
characterization of combined sewer solids.

10. Refine existing deposition model and flushing criteria:

11. Compare solids control vs selected structural options
as a combined sewer abatement technique.

12. Develop user guideline for solids control program as an
integral part of sewer management schemes.

Figure A-1 is an overview schematic of the program. The
program is broken into three distinct phases: 1) a field
feasibility analysis of various solids control (flushing) tech-
niques to test the feasibility of applying various techniques to
actual sewer lines; 2) an operational testing program to assess
the operational feasibility of applying optimum strategies to
sewer systems; and 3) a detailed data analysis and costing phase
to develop a reasonable deposition model and flushing criteria,
and analyze the concept of upstream solids control as an integral
part of combined sewer abatement schemes.

The feasibility analysis is aimed at answering the question
of what are typical deposition rates in sewerage collection
systems, what are the best flushing techniques to use, and what
pollutant reductions can be reasonably expected as well as
supplying a wealth of data for the refinement of the existing
deposition model and flushing criteria. The operational testing
program will take the optimum strategies developed in the feasi-~
bility analysis and put them into an actual 10 week program aimed
at continuing data development as well as testing the operational
feasibility of such a program by both manual and automated means.

From the large data base developed during the two field
programs, a refined practical deposition model and flushing cri-
teria will be generated. These refined formalisms will allow for
scanning of large-scale sewer systems to identify problem pipes
with respect to deposition. The refined tools will allow for
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comparative analysis of upstream solids control vs selected
structural options to compare program efficiencies. The tools will
also allow for rough assessment of first flush phenomena as

related to combined sewer systems to better clarify the questions
over the use of upstreams "first-flush" collection devices.
Finally, the program will develop data to generate a set of en-

gineering user guidelines to apply the deposition analysis to large-
scale systems.

Results of First-Phase Feasibility Flushing Programs

After a careful review and inspection program, four streets
were selected for the flushing experiments. These streets are
all in Dorchester characterized by high density, 3-story multi-
family dwellings. Two of the test segments located on Port
Norfolk and Walnut Street are served by flat combined sewer
laterals of 12" and 15" circular pipe, respectively. The total
tributary population down to and including the test segments are
94 and 71 people, respectively. The other two test segments on
Shepton and Templeton Streets, are serviced by separate sewer
laterals of 12" and 15" circular pipe, respectively. There are
downspouts on both streets connected to the sanitary sewer.

The total tributary population for these two streets are 224 and
221, respectively. The pipe slopes of the test segments range
from 0.003 to 0.004. The flushing program in this prhase is con-
cerned only with the effects of flushing a single manhole to man-
nole segment. Three different methods of manual flushing were
oerformed. The first method consisted of backing up the upper end
of the flushing manhole with an inflatible rubber stopper with
juick release. The other two methods were gravity and pressurized
dlump discharge into the flush manhole with the upper end of the
flush manhole blocked off. These flushes were performed using a
specially designed water tanker with two 1000 gallon tanks mounted
on a steel I-beam skid. The tanker was equipped with a pneumatic
System to pressuirze the tanks to 30 psi. The operation under
jravity conditions provided a controlled flush release of 35 to

50 cubic feet at a rate of 0.25 to 0.50 cfs. Under pressurized
~onditions the same volumetric range of flush was accomplished at
1 rate of 0.5 to 1.25 cfs. Sixteen to eighteen grab samples of
“lush wave were taken at 10 second intervals for the first 80 sec-
onds after the flush wave reached the downstream manhole and then
it 20 second intervals. Wave heights were taken at each interval
f time which. were later used to determine the instantaneous flow

‘ate for computing mass pollutants removed by the flushing experi-
lent.

The total pollutant mass removals in kilograms, for each of
he four test segments are given in Table A-1. This data is
reliminary and is subject to change pending further field
efinment of stage/discharge rating procedures used to convert
'lush wave heights to discharge quantities. The mean and standard
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deviation of the pollutant mass removals in kilograms for each of
the four test segments is given in Table A-2. The mean and
standard deviation of the pollutant mass removals normalized for
the number of antecedent days between flushing experiments is
provided in Table A-3. These statistics are computed for all
experiments including those impacted by rainfall events occurring
between the flushing experiments. Statistics for subsets of this
data excluding the rainfall impacted experiments are presented in
Appendix C. The data used in the regression analysis presented in
Table 15 of Section 4.5.4 was prepared by normalizing the raw

results given in Table A-1 and then converting the results into
lbs/day.*

* It is assumed in the regression analysis cited in Section 4.5.4
that the normalized pollutant loads removed by flushing equals
the daily deposition rate. Preliminary results of the second
phase of field flushing indicates flushing removal effectiveness
ranging from 75 to 90 percent. These results will be used dur-

ing a later phase in this project to reexamine the results
given in Sectiorn 4.5.4
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TABLE A-1.

TOTAL MASS OF POLLUTANT

REMOVED BY FLUSH

Location: Port Norfolk Street
TOTAL MASS (kg)
DATE Ccon BOD TKN NH3 P TSS vss
8/30/76 1.54 0.81 0.04 0.01 0.02 3.94 1.24
9/2 12.37 7.58
9/17 5.49 2.92 0.25 0.05 0.05 16.04 11.02
9/16 2.90 1.96
9/21 4.60 0.78 0.22 - 0.04 0.06 6.50 3.14
9/24 5.74 3.67
10/1 9.37 3.40 0.33 0.04 0.04 11.36 9.35
10/4 7.49 2.90 .28 0.06 0.06 7.10 5.42
10/8 2.97 1.92
10/12 4.51 1.61 0.16 0.02 0.04 5.81 4.27
16/15 2.73 2.16
10/18 5.68 2.00 0.16 0.03 0.001 4.90 4.03
10/25 1.52 1.11
10/22 2.36 1.79
10/29 3.04 2.49
11/1 3.71 1.17 0.12 0.03 0.02 2.94 2.30
11/5 2.23 2.04
11/8 3.36 1.42 0.10 0.03 0.03 3.32 2.57
11/12 3.30 4.79 4.47
continued
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TABLE A-1 (continued)

Location: Templeton Street
TOTAL MASS (kg)
COD BOD TKN NH3 p TSS vSsSs
8/30 10.84 4.01
9/2 2.96 7.68 4.93
9/17 1.19 1.01
9/10 3.66 8.51 6.52
9/13 2.54 0.45 0.07 0.01 0.01 2.26 1.70
Y 16 0.08 0.23 0.16
9/21 1.88 1.10
9/24 0.32 0.27
16/1 5.13 3.60
10/4 2.70 2.19
10/8 : 1.50 6.89 5.85
10/12 . 13.06 10.49
10/15 0.96 4.97 3.45
10/18 13.95 11.09
10/22 3.92 5.06 3.32
10/25 4.40 3.58
10/29 4.41 10.04 7.44
11/1 4.70 3.23
11/5 5.25 12.74 10.52
11/8 5.38 3.96
11/12 3.80 - -
continued
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TABLE A-1 (continued)

Location: Shepton Street

TOTAL MASS (kg)

coD BOD TKN NH3 P TSS vVSS
8/23 5.63 1.21 0.09 0.03 0.03 3.91 2.81
8/30 2.84 1.71
9/2 1.75 5.70 4.17
9/7 14.11 11.04
9/10 1.58 5.71 4.58
9/13 2.42 1.93
9/16 1.89 5.67 4.46
9/21 4,27 2.83
9/24 0.65 2.57 1.87
10/1 3.34 2.31
10/4 5.76 4.71
10/8 2.31 6.09 4.84
10/12 4.32 3.12
10/15 S2.64 4.82 3.87
10/18 ‘ 6.54 5.24
10/22 1.38 2.93 2.31
10/25 8.00 2.09 0.20 0.04 0.05 4.53 3.83
10/29 0.99 3.51 2.86
11/1 3.60 2.93
11/5 2.35 5.49 4.55
11/8 5.51 4.37
11/12 1.03 0.89
continued
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TABLE A-1 (continued)

Location: Walnut Street
‘ TOTAL MASS (kg)
CoD BOD TKN NH, P TSS vSs
8/23 3.5 0.83 0.07 0.04 0.03 2.74 1.17
8/26 1.18 0.52 0.22
8/30 12.44 1. 29 0.135 0.1 0.07 14.94 7.72
9/2 1.76 0.90
9,7 0.66 0.22 0.03 0.02 0.01 0.63 0.27
9/10 0.98 0.87
9/13  3.06 0.61 0.08 0.07 0.02 14.23 8.25
9/16 0.46 0.37
9/21  1.36 0.24 0.0 0.01 0.02 2.75 0.78
10/1 3.37 L. 26 0.10 0.02 0.04 2.83 1.91
10/4  1.15 0.45 0.05 0.01 0.01 1.21 0.84
10/12 13.70 361 V.25 0.05 0.04 14.32 8.13
10/15 0.57 0.30
10/18 1.21 0.57 0.07 0.03 0.0005 1.08 0.82
10/22 4.24 4.17
10/25 2.12 0.52 0.07 0.03 0.02 1.53 0.87
10/29 1.34 1.00
11/1  1.67 0.70 0.06 0.02 0.01 1.01 0.74
11/% 3.33 2.39
11/8  4.25 1,67 0.11 0.06 0.02 3.34 2.18
11712 0.48 0.48
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TABLE A-2. STATISTICS OF POLLUTANT MASS REMOVALS (kg) RAW DATA

STREET STATISTICS COD BOD TKN NH3 P TSS vais
Port Mean 5.08 2.03 0.18 0.03 0.04 5.39 3.82
Norfolk St. Deviation 2.31 1.02 0.09 0.02 0.02 3.90 2.76

Shepton Mean 6.82 1.71 0.145 0.035 0.04 4.76 3.69
St. Deviation 1.68 0.62 0.078 0.007 0.01 2.53 2.03
Tmnpleton Mean 2.54 2.70 0.07 0.01 0.01 6.10 4.43
St. Deviation - 1.81 - - - 4,27 3.33
Walnut Mean . 4.04 1.01 '0.11 0.04 0.024 3.54 2.11

St. Deviation 4.37 0.90 0.10 0.03 0.019 4.71 2.64

- Too few data points to compute standard deviation.
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STREET

TABLE A-3. STATISTICS OF POLLUTANT MASS
REMOVALS (kg/ANTECEDENT DAY) DATA
NORMALIZED FOR ANTECEDENT DAYS

STATISTICS

COD  BOD TKN NH3 P TSS VSS

Port Mean _ 1.41 0.55 0.05 0.01 0.01 1.49 1.03
Norfolk St. Deviation 0.53 0.25 0.02 0.04 0.005 1.04 0.64
Shepton Mean 1.89 0.50 0.05 0.0L 0.02 1.36 1.06
St. Deviation 1.09 0.21 0.04 * 0.01 0.63 0.52

Templeton Mean 0.85 0.81 0.02 0.002 0.003 1.66 1.25
St. Deviation ~ 0.54 - - - 1.17 0.92

Walnut Mean 0.95 0.25 0.027 0.010 0.006 0.90 0.54
St. Deviation 0.83 0.15 0.021 0.008 0.004 1.19 0.67

- Too few data points to compute standard deviation
* Smaller than 0.0001
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APPENDIX B

DISCUSSION OF SIMPLIFIED SEWER SYSTEM DEPOSITION MODEL

The details of a procedure for obtaining quick and inexpen=
sive estimates of the amount of daily dry weather deposition load-
ings within each manhole to manhole segment of a sewer collection
system are provided in this appendix. A number of crude approxi-
mations and simplifications are used in this procedure and there-

fore, the results are not purported to be a substitute for those
provided by more rigorous approaches.

One distinct advantage of this model is that it is devised
to consider each element of an entire collection system network.
It is intended to provide estimates for only dry weather condi-
tions and has no provisions for considering transient wet weather
phenomena. No distinction is made between bedload, suspended
load and washload deposition and resuspension characteristics.
The major simplifying assumption of the model is that the amount
of deposition remaining in any segment over the course of &a day
is computed as the residual loadings not washed or moved down-
stream during peak dry weather flow conditions. No detailed
accounting 1s made of the temporal pattern of diurnal deposition,
resuspension and transport phenomena. The basic structure of the
model was developed during a prior combined sewer management
study (2). 1In a latter phase of this R&D sewer flushing project
the data obtained from the field flushing program will be used to
further refine formalisms presented in this appendix.

General Concepts

A well designed sewerage system should not only convey flows
but should also minimize the deposition of sewage solids during
dry weather conditions. There are in use an ample number of
suitable empirical and theoretical equations for flow design but

no uniform criteria have been established to prevent solids
depostion. ‘

The approach commonly used to prevent deposition is the
method of minimum permissible velocity (3). However, the use of
average velocity consideration is not necessarily the most robust
criterion to use for a wide range of typical operating conditions.
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A more fundamental approach is the method of critical shear stress,
T, given by equation (1).

T = prss 7 (1)
where p = specific weight of water
r = hydraulic radius, and
Ss = energy slope

Yao (4) reviewed experimental results dealing with fluid
shear stress measurements and concluded that the average boundary
shear stress computed by equation (1) will approximate the actual
local boundary shear stress within the possible region of deposi-

tion, provided that the flow depth is equal to or greater than one-
third of the sewer diameter.*

Yao also included that a shear stress of .02 or .04 psf is
adequate for self-cleaning sanitary sewers, while a shear stress
of .06 to .08 psf is necessary to dislodge heavy sand and gravel,
and is required for self-cleaning of combined systems. 1In
addition, this work showed that the present practice of using a
constant minimum velocity for all sewer sizes tends to under-
design larger sewers and over design smaller sewers.

Deposition Mechanisms

Shield's classic results are commonly used to predict solids
deposition in sewerage systems. Shield's results, however,
relate to bedload movement and specifically to uniform particles
moving on the surface of the bed. In simple terms, there are two

primary mechanisms involved in the transport of sewage particles:
bedload transport and suspension.

The first to used bedload transport considerations to predict
deposition was Camp (5,6,) and Oothers have since used this tech-

nique (7,8,9). Shield's relationship** for bedload transport
is given by:

Tc = .020 p (2)

where p = particle diameter, (mm) and

Tc = critical wall shear (psf)

* The actual or local boundary shear stress varies considerably,
with the maximum occurring around the center line of the
channel and the minimum near the water surface.

** Shield's constant equals 0.06 in this formulation.
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- The second transport mechanism is suspension. Hughmark (10)
correlated 14 sets of data on slurry transport and Raths (7) con-
ducted experiments on sand sediment in sewers. 1In order to pre-
vent deposition of sand particles (specific gravity = 2.7), a
critical wall shear must be maintained or exceeded. The results of
their experiments can be summarized by the following relationship:

Tc = .021 pl/3 (3)
The smaller particles (less than .05 mm) of Hughmark's data
Closely agree with the above functional form. A reasonable
first order approximation is to assume that both mechanisms trans-
port heterogenous materials through sewer systems. The geometric
average of equations (2) and (3) can be used to predict transport
requirements. The equation relating the critical wall stress, tc¢,

necessary to move (and conversely to settle)* a particle of
given diameter, p, is the following:

Tc = .02 p2/3 (4)

Single Segment Deposition Model

Equation (4) and sewage particle size distributions can be
used to predict the quantity of suspended solids deposited from
dry-weather flow over a single length of pipe. The results computed
from equation (4) with two particle distributions (11, 8) and the
experimental results from the FMC study (1) were fitted by a simple
single term power function given by equations (5) and (6) :

-1.2
- T )
7 = 40(.004 \for T > .004 psf (5)

Z = 40 for < .004 psf (6)

where Z is the percentage of the suspended solids in the dry weath-

er sanitary flow that is deposited if the wall shear is less than
T.

The shear stress, 1, would be computed for maximum daily dry
weather flow conditions. Maximum daily flow, QMmax, can be computed
from average dry weather flow, QAV, using equation (7).

OMAX _ =b

oavy & PP (7)

* Recent findings have shown that this assumption is erroneous,
that is, a greater shear stress is required to move a particle
of a given diameter than to permit settling. In a later phase
of this project this assumption will be examined.
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where PP is the contributing population in 1000's and a and b are
determined from analysis of flow measurements. Typical values of
the constant "a" range from 1.25 to 1.5 and a value of 1.47 was
used in the computations described in Section 4. A value of 0.08

was used for the exponent "b". Both values were established from
analysis of flow measurements.

Multi-Segment Models

In considering a series of sewer pipes having low values of

fluid tractive shear, that is, characterized by low slopes or

low flows (or both), the condition can arise where solids from an
upstream reach can successively deposit in downstream pipes. The
relative amounts deposited in any section would depend on the
shear stress during peak flow in that link and also on the amounts
deposited upstream. A general procedure is desired to predict the
total cumulative load in any section from all upstream sources.

The procedure used is the following:

l. Segment the collection system into a network of "m"
links where each link may be a section of pipe between
manholes or several sections combined into a single sec-
tion (similar hydraulic characteristics) ;

2. Establish, for all links, a list of all downstream sec-
tions that convey waste from the given link;

3. Compute cumulative upstream length of pipe at each
link; '

4. Compute average daily dry weather flow for each link
‘ using the cumulative length from step 3 and an average
per capita waste rate;

5. Compute maximum daily dry-weather flow for each link
using equation (7);

6. Compute shear stress for each link associated with the

maximum daily flow, using equation (1) for the appropri-
ate pipe shape;

7. Compute the dry-weather suspended solids deposition rates,
zi(i =1,...,m) from the shear stresses. calculated in
Step 6, using equations (5) and (6) ;

8. Compute the suspended solids load zZLi(i = l,...m) devel-

oped along each link using length of link, population per
unit length and daily solids generated per capita;
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9. Startinq at the uppermost link, i, compute the amount of
input material that will deposit, that is 2zj - ZLi;

10. Search the list of downstream links for the deposition
rate, 29, greater than the rate at the link where the
load is initially generated, and compute the amount

deposited as the jth link from the ith component input
load using (z45 - zi) . 2ZLi;

11. Continue searching the list of downstream links for a
deposition rate Zx greater than Zj and compute the

deposition at the kth link from the ith component using
(Zk - Z3j) - 2ZLi;

12. Set Zx = Zj and repeat Steps 10 and 11 until the complete

list of downstream links is completed;

13. Start with the next uppermost link in the system and
repeat Steps 9 through 12 while maintaining a running

sum of all the deposited loads in each link from pre-
vious iterations; and

14. Sequentially proceed downstream until all components
are completed.

In other words, a fraction of the load generated in an up-
Stream section may deposit in that section (if the shear stress
i i and more of that load may deposit in down-

stream sections only if the shear stress falls below levels

experienced upstream.

The present model is coded to assume any collection system
geometry with the one rule that only three segments can be
considered at a given manhole. The model is coded to compute
shear stress for circular, egg, ovoid, rectangular, horseshoe
shaped cross-sections with and/or without pre-set sediment beds.

An idealized example using the schematic in Figure B-1
illustrates this procedure. Assume that the shear stress developed
during peak dry-weather flow in links 1, 4, 5, 8 and 11 results
in deposition rates of 10, 5, 5, 15 and 20 percent, respectively.
Assume that the shear in all other links, i.e., 2, 3, 6, 7, 9 and
10, is sufficiently high to preclude any localized deposition.

'he dry weather load developed along each of the 11 links is,
35ay, 100 units of dwf solids
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l TRUNK SEWER

FIGURE B-1l. SCHEMATIC OF COLLECTION SYSTEM
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TABLE B-1, DEPOSITION ANALYSIS OF IDEALIZED SYSTEM

Link Numbers

Link Numbers

- Total Amount

Deposited in

1 2 3 4 5 6 7 8 9 10 1l Each Link
1 1lo. 10
2 - 0. 0.
3 - 0. 0 0.
4 0. 5. 5. 5. 15.
5 O 0. 0. 0 5. 5.
6 -~ - - - - 0. 0.
7 - - - - - 0. 0. 0.
8 5. 10. 10. 10. 10. 15. 15. 15. 90.
9 ~ - - - - - - - 0. 0.
10 - - - - - - - - 0. 0. 0.
5. 5. 20. 20. 20. 100.

11 5. 5. S. 5. 5. 5.

The ijth in the table represents the amount deposited in link i
that originated in link j. Thus element (8,1) = 5 represents the

amount deposited in link 8 that originated in link 1.
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Table B-1 shows contributions fr
downstream link and the total deposition in section 4 consists of
loads from sections 2, 3, 4 but not from section 1 because the
deposition rate, 2] is greater than 24. At link 5, the only
amount deposited is from the load developed along that link
(Z1 is greater than Z5: no deposits, Z2 and Z3 less than Z5 but
Z4 equals Zg: no deposits; Z4 less than Zg: deposits). The
overall deposition rate for entire system is 20 percent (220 units

deposited/1100 units total load) with nearly equal loadings in
links 8 and 11.

om all upstream links on each
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APPENDIX C

PRELIMINARY DEPOSITION MODEL CALIBRATION RESULTS

In this appendix a preliminary verification is presented of
the deposition model described in Appendix B using field flushing
results derived from the data presented in Appendix A. The
results presented here reflect no change in the model's internal

relationships. It is envisioned that modifications will be made
in a later phase of the study.

A comparison of field flushing results for four test segments
with predicted deposition rates is presented in Table C-1l. The
contents of this table are described as follows: column (1)
test segment location; column (2) - average mass of suspended
so0lids removed per flush normalized by the number of antecedent
lays between each of the flushes for all experimental data;

*olumn (3) - average mass of suspended solids removed per flush
10rmalized by antecedent days for selected subset of the experiment-
11 results including only good experimental points free of rain-
‘all events occurring between the flush periods; column (4) -
oredicted daily deposition rates over test segment for two per
‘apita waste rates of 125 and 250 gallons per capita per day;
olumn (5) - pipe size of test segment; column (6) - length of

-€st segment; column (7) - plan slope of pipe segment; and column
(8) - depth of sand and gravel sediment bed. A suspended solids
’aste rate of 0.5 lb/vapita/day was used in the analysis. This
ate was determined from an analysis of background samples taken
luring the flushing program. Additional sewage background sampling
.S presently being conducted in the study and these results will
ater be used to sharpen the preliminary results presented here.

'he background sewage flow per capita determined from field measure-
lents conducted during the flushing program ranged from 125

pcd up to 275 gpcd. The peaking factors relating maximum daily
low to average flow were determined from field data.

Inspection of the measured results shown in column (3) with
he predicted values given in column (4) indicates the deposition
odel estimates compare reasonably well with field results.

n general, the model under-estimates deposition loadings and will
e modified to reflect this bias in future phases of work.

20



(ut) 3JuswrIpes (H)

sdeW srTjyoad/uerd odors adrg (D)

(33) yabusg juswbeg 3sa1 (J)
(UT) IeTNDIT) - 9zTs odrgd (F)

podb 05z

- (Rep/b3y) soqey uorjzrsodeqg SSI, ATteq pe3otpoag (d)

podb Gz =

o3ey °3S5eM

e3trded 184 - Aep/63) sezey uoritsodea SSI ATTed peo3orpeid (D)
(Rep/b3) Keq JUSPIDRUY/YSNTI/TRACWDY SSI UesW (d)
(KRep/b3) Keq Juspedajuy/ysnig/Teaowsy SSI URSK ()
(SOT3ISTI®}DORIRYD SbHemes punoibyoeq painsesu Jo sbexsar woxy

(PeATI®pP) posn spTTos popuadsns Jo Aep/e3tdeo/qr 5°0 Jo o3ex UOTJIRIDUDD ©93SeM V¥V  yyxx
*s3oedwT Xoyjesm 39M JO 9913F sjuswTIodxd poob ATuo :ejzep po309Tag X X%
*sjusutasdxe oTqeuorjlssnb pue poob butpntoutr s3Tnsex IV %

y 8700°0 | 9¢T ST | op- vL® §9:0 €0°T InuTem

€ AN VRG] L8T qT Z6° ST 1 99°T VLT uojlsTdway,

4 Sv¥€00°0 9¢t cT 98- T°1 Vg1 I7°T uojdayg

4 98%00°0 LvC A °1 LE'T LV T €E°T ATOFION 3104
(H) (9) () () (a) (D) (dq) (V) UOT3e007
pe3oTpoig poansesy Jusubsg

, ‘ : 1897

(8) (L) (9) (s) rxxd¥) xx (€) x (2) (T)

SLNHWDHES- LSEL NI NOILISOdEd SAITOS 40 SLINSHY QMHUHQMM&
ANV JEENSVAW J0 NOSINVAWOD TIVHIAO AYVUNIWITHIA

"T-D dTIVL

91



